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ABSTRACT
A rotating heat pipe was testsd using two different
copper condensers (a smooth cylinder and a cylinder with 22
straight axial fins) and water as the working fluid. The
smooth condenser was tested at rotational speeds of 700,
1400 and 2800 RPM. The finned condenser was tested at 700
RPM. The heat transfer rate for each run was measured and
plotted against the temperature difference between the
internal vapor and the cooling water inlet. Representative
condenser wall temperature profiles were plotted for each
run. The primary objective was to compare the heat transfer
rates obtained.
The finned condenser heat transfer rates were 30-40
percent greater than those of the smooth condenser. All
data appeared to be influenced by the presence of nonccnd en-
sable gases. Recommendations for improvements to the
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I- INTRODUCTION
A. THE ROTATING HEAT PIPE
The rotating heat pipe is a closed device that can be
used to transfer thermal energy radially or axially in a
rotating machinery component. The basic configuration of
the heat pipe used in this experiment is shown in Figure
1.1. It consists of a cylindrical evaporator, a cylindrical
condenser and a small amount of volatile working fluid used
to transfer energy from the evaporator to the condenser.
During operation, the heat pipe is rotated about its
axis with sufficient speed to maintain a fluid annulus in
the evapcrator. Heat conducted through the evaporator wall
vaporizes a portion cf the working fluid, creating pressure
and density gradients which cause the vapor to flow into the
condenser section. The gradients are maintained by the
condensation of the vapor on the condenser wall. Heat is
removed by a second working fluid that cools the outside
surface of the condenser. Condensate flow back to the
evaporator is induced by a hydrostatic pressure gradient
resulting from the axial difference in the condensate film
thickness along the condenser wall.
E. BACKGROUND
The original rotating heat pipe concept developed by
Gray [Ref. 1 ] in 1969 was a single circular cylinder. The
rotating heat pipe at the Naval Postgraduate School (NPS)
was designed by Daly [Ref. 2] in 1970. it had a stainless
steel evaporator and a stainless steel truncated cone (3
degree half angle) condenser. Subsequent work has changed

































have been tested at NPS with various working fluids. The
best heat transfer rates have been achieved with a truncated
cone condenser or a cylindrical condenser with the interior
surface enhanced with helical fins [fief- 3] and [Ref- HJ,.
For industrial application, the cost of the helical fin
enhancement is less expensive than the cost of manufacturing
the truncated ccne ccndenser. Of all the working fluids
tested in the previous work, water exhibited the best heat
tansfer characteristics over the broadest range of operating
conditions [Hef- 3]- Throughout the previous work, it was
evident that the heat transfer ax the interior surface of
the ccndenser is the limiting factor in improving the
thermal performance cf the rotating heat pipe.
C. PBELIHINAfiY OBJECTIVES
The NES heat pipe had been idle for three years pricr -co
the commencement of this work. The system was therefore
disassembled and inspected. As a result of the inspection,
the following preliminary objectives were accomplished to
prepare the system fcx operation.
1. Prcgrams for computer aided data aguistion and
analysis were written and nested. This was required since
the data aquisition system used in this thesis had not been
used with the rotating heat pipe in the past.
2. The temperature sensing system was changed from
Copper-Ccnstantan (type-T) to Chromel-Constantan (type-E)
thermocouples. This was done to improve the sensitivity on
the temperature measurements.
3. The cooling water drain system could not be located
so a new one had to fce designed and manufactured.
4. Other minor modifications to individual components




The primary objective of this thesis was twofold.
First, to reproduce the experimental results of Weigel
[Bef. 3] and Wagenseil [ Ref , 4] using a smooth copper
condenser and water as the working fluid. This was done so
that new results from this work could validly be compared to
the results of previous work. Second, to experimentally
determine the heat transfer characteristics of a condenser
made from a commercially available copper tube having 22
evenly spaced straight axial fins on the inside surface.
The straight fin geometry was selected for evaluation
because it had net been tested in the past. The results of
the straight fin condenser could provide a baseline against
which future work could be compared. The future work migh-
include evaluations cf condenser geometries with different
size fins, different numbers of fins, different helix angles
for the fins or different condenser sizes. The final goal






The rotating heat pipe system and ancillary equipment
used in this thesis are shown in Figures 2.1, 2.2 and 2.3.
The entire heat pipe assembly is bolted to a steel bed-plate
that can be oriented from a horizontal tc a vertical
position.
A. EVAPOEATOR
The evaporator (Figure 2.1) is a copper cylinder 100 mm
in diameter and 70 mm long. It is sealed at both ends by
O-rings.
B. HEATEB
The heater (Figure 2.1) is a Chromel-A wire with
Magnesium oxide insulation in an Inconel sheath. The heater
is wrapped around the evaporator and thermally insulated on
the outside. Electrical power to the rotating heater is
supplied through four pairs of carbon brushes riding on a
pair cf bronze collector rings. The heater resistance is
1.8 ohms measured at the collector rings.
C. POWEB SDPPLT
The power supplied to the heater is regulated by a
voltage sensing circuit. The single phase, 440 volt, 60
hertz line voltage is fed into a precision differential
voltage attenuator which divides the line voltage by one
hundred. This stepped down voltage passes through a true
root mean square (THMS) converter stage on which the inte-























buffed and compared to the Power Control potentiometer
mounted on the control panel. The comparator output is fed
to the control input of a Holmar Silicon Rectifier which
supplies the amplified voltage to the collector rings.
The output of the TRMS converter is amplified and
filtered to provide a voltage proportional to the actual
voltage supplied to the heater. This voltage is monitored
by the voltmeter on the data aquisition system.
D. VIEW WINDOWS
Two 88.9 mm diaireter 6.35 mm thick Pyrex glass windows
are used to seal one end of the evaporator and allow obser-
vation of the heat pipe interior during operation.
E. BEARINGS
The rotating heat pipe system is supported by two bear-
ings. The main bearing is provided with external cooling
water ceils and is lubricated by a small oil dripper (Figure
2.2) which is adjusted to provide an oil flow of 2-3 drops
per minute. The drive pulley bearing is a self-lubricated
sealed bearing.
In all previous works, the drive pulley bearing and the
slip ring support (Figure 2.3) were separately mounted on
the bed-plate and were connected by a flexible coupling.
This arrangement required disassembly, reassembly and
realignment each time a condenser was changed. For this
work, the drive pulley bearing support and the viscous slip
rings were aligned and mounted on a common plate that is
then bolted to the bed plate. This new arrangement simpli-
fies the assembly, and prevents undue bending or tension
stresses from being placed on the delicate slip ring wiring
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For this work, the condenser construction technique
developed by Wagenseil [ Ref . 4] was used with minor modifi-
cations. Two holes were drilled in the evaporator end
flange and 1.6 mm diameter stainless steel thermocouple
sheaths were inserted and silver soldered in place. The
sealed end of the thermocouple sheaths extend into the
evaporator for monitoring the vapor temperature in the heat
pipe. With this construction, each condenser has two perme-
nantly installed vapor space thermocouples whose wiring is
not subjected to the bending and breaking that occurred when
the vapor space thermocouples were installed in the main
bearing flange.
Twc copper test condensers were assembled fcr this
thesis. Each is manufactured from a copper tube 295 mm
long. Spray cooling takes place over a section 250 mm long.
1. A smooth cylinder the same as used by Weigel
[Ref. 3] and Wagenseil [Ref. 4].
Outer diameter: 26.9 mm
Wall thickness: 0.75 mm
2. A smooth cylinder with 22 axial fins evenly spaced
on the inside surface. The tubing. Figure 2.4, was provided
by the Ncranda Metal Industries of Newtown, Connecticut.
Outer diameter: 28.6 mm
Wall thickness: 1.3 mm




Fin thickness: 1.4 mm
Area ratios (compared to the smooth condenser)
outer: 1.06
inner (negelecting fins): 1.02



























The condenser is spray cooled by filtered and softened
tap water. The coding water is sprayed uniformily along
the entire length of the condenser from four perforated
tubes placed at 90 degree intervals around the condenser
axis. The cooling water drips off the rotating condensers
and is collected by two drains that faed into the new drain
collecting box. The drain collecting box was designed to
provide for good mixing in the drain path so that the water
temperature measured at the collecting box outlet would be a
true bulk temperature. The cooling water flow rate is
measured ty a calibrated rotometer.
H. HEAT FIFE DRIVE SYSTEM
The rotating heat pice is driven by a v-belt attached to a
variable speed electric motor. The RPM is measured by an
induction tachometer and provides a digital display. Speed
can be controlled within +/- 1 RPM.
I. VACUUM AND PRESSURE TEST SYSTEM
The vacuum test system shown in Figure 2.5 is used to
determine whether or not the heat pipe is vacuum tight. The
test flange is installed in place of the view windows and
the manometer is used to monitor the vacuum when the system
has been evacuated and isolated. For pressure testing the
heat pipe, the compressed gas pressure regulator is attached
to the test flange in place of the vacuum test system.
19
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The instrumentation used in this thesis is described in
the following paragraphs. The stated accuracy for each
instrument is the result of the calibration procedures
described in Appendix B.
All temperatures were measured by welded type-E thermo-
couples made from 0.13 mm diameter wire with teflon insula-
tion. A nylon sheath was placed over the wires to protect
them from bending and abrasion.
The condenser wall thermocouples were soft soldered into
grooves machined into the outer surface of the condenser.
Figure 2.6 shows the axial position of the thermocouples.
The accuracy of thermocouple placement, is + /- 3mm axially
and /- 1mm radially. The uncertainty in the placement is
caused by the easy bending of the thin wires, difficulties
encountered getting solder to adhere to the type-E wire and
problems in keeping the thermocouple bead fully immersed in
the racltsn solder pool at the time of attachment.
The vapor space thermocouples were inserted into the
wells until they came in contact with the end of the well.
All thermocouple wires were held to the condenser at regular
intervals using wire wraps. The thermocouple wires were
passed through holes in the flange at the drive end of the
condenser and were scft soldered to an EIA 25 pin connector.
Spurious voltages were not expected in this connector.
Since all the junctions were exposed to ambient air, the
speed of rotation kept the connector cooled to ambient so
that no thermal gradients occurred during operation. The
poor soldering characteristics of the type-E wire resulted
in numerous cold sclder joints on this connector. The
combination of cold solder joints and centrifugal force
caused many thermocouple wires to lose electrical contact or










































































thermocouples was a major cause of delay in this thesis. An
assembled ccndenser is shown in Figure 2.7.
The thermocouple signals were transmitted from the
rotating system by a set of low noise, viscous slip rings
containing mercury. The slip rings were refurbished and
rewired for type-E application prior to use.
the thermocouple voltages (EMF) were monitored by a
Hewlett Packard (HP) 3054a data aqusition system that was
controlled by an HP9826 computer. An interactive program
(Appendix C) was written to control the data aqusition and
to anslyze the data during operation. Raw data and final
results were stored en flexible disk for re-use at a later
time. The computer aided data aqusition and analysis
provided real time results and made it possible to detect



































The steps outlined in this section have been chosen to
ensure consistent and repea table results.
A. IHSTAILATION AMD PRETESTS
1. Inspect all G-rings and O-ring grooves to ensure
they are clean and have no flaws.
2. Assemble the heat pipe system ensuring all joints
are -eight.
3. Install a test flange in place of the view windows;
connect a pressure source to the flange and raise
the pressure inside the heat pipe to 0.3 mP. Check
all joints and surfaces for leaks using a soap solu-
tion. The surfaces should be thoroughly wetted and
should be inspected several times over a five to ten
minute period. Small leaks will appear in time as a
mcund of tiny foam bubbles. This simple test will
easily detect leaks that will allow noncondensable
gases to be inducted into the heat pipe which oper-
ates in a 'partial vacuum. Daniels and Williams
[Bef. 5] have shown that noncondensable gases signi-
ficantly reduce heat transfer rates in rotating heat
pipes. Small leaks plagued this work from the
beginning. leaks were found at several O-ring
joints, in the thermocouple wells and in soldered
and brazed connections on the heat pipe. Repeated
attempts were therefore made to correct these difi-
culties, but these attempts were not always
successful or lasting.
4. Disconnect the pressure source and install a vacuum
test system. Evacuate the heat pipe; isolate the
system and allow it to sit for at least 24 hours.
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Monitor the vacuum in the system to ensure that
there are no leaks. For the reasons stated above,
it is imperative that the system be vacuum tight.
Eata taking was delayed for three weeks while leaks
were being found and repaired. More leaks were
found in the tubing and Swagelok fittings of the
vacuum test system than in the rotating heat pipe.
B. PREPARATION OF TEE HEAT PIPE INTERIOR
1. R€mcve the test flange and tilt the evaporator end
down slightly to allow the cleaning fluids to run
cut of the evaporator. Place a pan under the evapo-
rator to catch the cleaning fluid run off.
2. Using a stiff bristle brush, scrub the interior of
the evaporator and the condenser with acetone.
Rinse with distilled water by spraying and
thoroughly wetting the interior of the evaporator
and condenser.
3. Scrub the interior of the evaporator and the
condenser with ethyl alcohol and rinse with
distilled water.
4. Scrub the interior of the evaporator and the
condenser with a hot solution (80 degrees Celsius)
of equal parts ethyl alcohol and 50 percent aqueous
sodium hydroxide. Rinse the interior thoroughly
with distilled water. Observe the interior of the
condenser to ensure that there is even wetting of
the surface when water is sprayed on the surface.





1. Tilt the condenser end down about 30 degrees.
2. Pour 300 ml of distilled water into the heat pipe.
3. Thoroughly dry the O-ring groove area. This will
prevent condensation between the view windows.
4. Install the two view windows using two dry spacers
rings between the inner and outer windows. A 1 mm
wooden or plastic shim may used to center the
windows.
5. The twelve view window retaining bolts are tightened
sequentially. Proceeding clockwise, every fifth
bolt is tightened to 20 inch pounds torque. Each
belt may be tightened several times during this
process. Repeat the procedure, tightening each belt
tc 30 inch pcunds torque. The two step tightening
procedure prevents cracking the view windows during
the installation.
D. VEHTIHG
This procedure is used to drive noncondensable gasses
out of the working fluid and the heat pipe interior.
1. Energize the HP3054A data aquisition system and
monitor one of the vapor space thermocouples.
2. Tilt the evaporator end down 30 degrees.
3. Remove the vent screw to prevent pressure build up
during venting and to protect the view windows from
cracking.
4. S€t the power control to 13.5 and heat the system up
tc about 104 degrees C. Power settings above 14.0
during system warm up have cracked the interior view
window.
5. When a steady plume of steam is observed at the
vent, commence timing and allow the system to vent
27

fcr 10-15 minutes. Adjust the power control as
necessary to maintain about 104 degrees C during the
venting.
6. When venting is complete, install the vent screw and
0-ring and immediately secure the power.
7. Tilt the heat pipe to the horizontal position.
8. Turn on the condenser cooling water to cool off the
system. Violent boiling may be observed in the
evaporator as the system starts to cool off.
E. BOBHIHG
1. Energize the HP9826 and the HP3054A. Load and start
the data aquisition program.
2. Energize the tachometer and its digital display.
3. Cpen the valves and establish cooling water flew to
the main bearing.
4. Open the needle valve on the oil dripper and adjust
the oil flow to the main bearing for 2-3 drops per
ninute.
5. Turn on the cooling water and adjust the flow rate
for a rotmeter reading of 50 percent. This is the
same flow setting used in previous work and was
chosen to reproduce the previous work as closley as
possible
.
6. Rotate the heat pipe by hand to ensure there is no
binding.
7. Start the drive motor and raise the speed to
1100-1400 rpm and observe that a liquid annulus
forms in the evaporator.
8. Adjust the speed to the desired rpm. In this work,
as in all the previous work, data was taken at 700,
1400 and 2800 RPM.
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9. At a given RPM, set the power control to the desired
level. Select and monitor one of the vapor space
thermocouple EMF's on the data aquistion voltmeter.
Wait ten minutes for the system to reach steady
state. Steady state conditions are achieved when
the thermocouple EMF is nearly constant, fluctuating
no more that /" ** microvolts.
10. lake five sets of data at each power setting. The
results of the five data sets will be averaged to
reduce the experimental uncertainties. A set of
data consists of the RPM, the rotometer reading and
an automatic sampling of all the thermocouple EMF's.
11. Repeat step 7-9. Data should be taken for both
increasing and decreasing power settings to deter-
mine whether or not the heat pipe exhibits any
hystersis.
F. DATA REDUCTION
The data aquistion program and sample outputs are found
in appendix C. The data aquisition portion of the program
performs the following steps for each data run:
1. Requests the entry of the RPM and the cooling water
rotometer reading and stores these values for future
use.
2. Samples each thermocouple EMF twenty times and
stores the average reading for future use.
3. Displays the uncorrected temperature readings for
all thermocouples in degrees Celsius. This makes it
possible to monitor thermocouple status at each data
run. The temperature distribution along the
condenser wall can be seen.
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The analysis portion of the program performs the
following steps for each data run:
1. Corrects the cooling water inlet (Tci) and the
cooling water outlet (Tco) temperatures using their
respective calibration curves. The accuracy of the
calibration is +/- 0.05 degree Celsius.
2. Computes Twall, the average of all condenser wall
temperatures. Computes Ts r the average of the two
vapor space temperatures. Computes Tavg, the
average of the cooling water inlet and outlet
temperatures .
3. Computes m, the cooling water mass flow rate
(Kg/sec) using the rotometer calibration curve and a
density correction factor based on the cooling water
inlet temperature. The accuracy of the mass flow
rate calculation is «/- 0.005 Kg/sec.
4. Computes Q, the heat transfer rate to the cooling
water by the following energy balance equation:
Q = m*Cp*(Tco-Tci) - Qf
where Qf is the frictional heat generated in the
system. Qf is determined for each test RPM by:
Qf = m*Cp* (Tco-Tci)
at zero power. The Qf's are incorporated into the
program and the approriate one is automatically
selected based on the RPM entered at the beginning
of each data set.
5. Displays the following output:
Q watts
Ts-Tci degree C
Ts- Twall degree C
Twall- Tavg degree C
Tco-Tci degree C
6. Stores the outputs en disk for future use.
30

I?. PRESENTATION AND DISCUS SION OF RESULTS
A. GENERAL COMMENTS
Three different data runs were made for this thesis.
Before the first data run was made, zero power data was
taken at 700, 1400 and 2800 RPM and the frictional heat
transfer rates (Of) determined. The first data run was made
on 7 May, 1983 using the smooth condenser. Data was taken
for 10 power settings at 700 RPM, 7 power settings at 1U00
RPM and 5 power settings at 2800 RPM. The second data run
was made en 10 May, 1983 with the smooth condenser. Data
was taken for 6 power settings at 700 RPM and 12 power
setting at 1400 RPM. A 28 00 RPM data run was attempted on
11 May, 1983, but all of the thermocouple wires pulled out
of the connector and were damaged beyond repair. The third
and last data run was made on 18 May, 1983 with the axial
finned condenser. Data was taken for 16 power settings at
700 REM. No data was taken beyond this point due to leakage
in the beat pipe system.
The experimental results obtained are displayed graphi-
cally. Fcr each condenser, at each test RPM, a plot of Heat
Transfer Eate(Q) vs. the Temperature difference between the
vapor space and the ceding water inlet (Ts-Tci) was made.
The results of Weigel [Ref. 3] and Wagenseil [ Ref . 4] are
also plotted for comparison. On each figure, a typical
uncertainty band is shown. The experimental results fluctu-
ated more that the combined uncertainties of the measurement
accuracies would predict. Observing the instrumentation
during operation, the rotometer reading did not change. The
temperatures in the cooling water fluctuated as much as 0.5
degrees when electrical power was supplied to the evapo-
rator. This fluctuation was greater than the calibration
31

accuracy and therfore was used for the uncertainty in the
error analysis. It is suspected that there is incomplete
mixing and unstable flow in the drain collecting box and the
single thermocouple in the drain flow cannot provide an
average bulk temperature. A second set of plots displays
representative condenser wall temperature profiles for each
condenser at each test RPM.
B. RESULTS OF THE SMOOTH WALL COHDEHSEB
Figure 4.1, 4.2 and 4.3 show the results of the smooth
wall condenser at 700, 1400 and 2800 RPM. It was hoped that
the smooth wall condenser data would correlate well with the
work cf Weigel [Ref. 3] and Wagenseil [Ref. 4]. As seen in
Figure 4.1, 4.2 and 4.3 the heat transfer rates obtained in
this work were 1 to 80 percent lower than those obtained in
previous work. The heat transfer rates obtained in this
work follow the the same trend observed in previous work.
The increased heat transfer rates at the higer RPM's is the
result of increased centrifugal acceleration flattening and
thinning the condensate film on the inside of the condenser.
Experimental procedure was ruled out as a cause for the
discrepancy between the results of this thesis and previous
work. The same cleaning, filling and venting procedures
were employed in each experiment. The presence cf nonccn-
densable cases is the most likely cause of the lower heat
transfer rates obtained in this work. The noncondensable
gases are drawn intc the heat pipe while it operates in a
partial vacuum. Daniels and Williams [Ref- 5] have shewn
that the presence of noncondensable gases significantly
reduces the heat transfer rates in a rotating heat pipe. A
data run was attempted on 9 May, 1983, but was aborted
because of erratic readings. An inspection of the system
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Figure 4.3 Smooth Condenser Thermal Performance at 2800 RPM
35

condenser vent. It is suspected that the O-ring may have
been slightly damaged during the venting prior to data run
#1 and further damaged during the venting prior to the
aborted run. The O-ring had not been removed, but inspected
in place prior to the aborted run. Following data run #2,
a pressure test of the system was performed and a pin hole
leak was found in a brazed patch in one of the flanges.
This leak was not present when the system was pressure
tested prior to run #2.
The condenser wall temperature profiles for the smooth
condenser are shown in Figures 4.4, 4.5 and 4.6. The data
is incomplete due to the failure of the thermocouples
located at 130 and 230 mm from the evaporator. In spite of
the missing data, seme observations can be made.
At all KPM's and all power settings, the temperature
closest tc the evaporator appears to peak. It is suspected
that this is caused by heat conducted through the main
bearing flange from the evaporator and the frictional heat
generated in the main bearing, as well as the heat removed
from the vapor condensing on the inside of the tube.
Ignoring the temperature at 5 mm, the remaining profiles are
relatively flat out to 80 mm and then they drop off tc a
temperature very close to that of the cooling water.
Without the temperature at 125 mm it is difficult tc decide
whether or not these results are similar to those observed
by Daniels and Al-Baharnah [Ref. 6]. They have shown that a
rotating heat pipe containing air and water has a flat temp-
erature profile near the evaporator and the profile drops
sharply in the region of noncondensable gas buildup and
becomes flat again at a temperature close to that of the
cooling water. The air is blanketing the condenser and
preventing condensation in the region farthest from the
evaporator. This phenomenon appears to be present at 1400
BPM in Figure 4.5 and appears to be more pronounced at 2800
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RPM in Figure 4.6. This trend is reasonable since data was
first taken at 700 REM then at 1400 RPM and finally at 2800
RPM. Six tc eight hours can elapse between the venting of
the system and the completion of data taking. This is ample
time to draw in air through even the smallest leak.
C. RESOITS OF THE AIIALLY FINNED CONDENSER
TH€ heat transfer rates determined for the axially
finned condenser are shown in Figure 4.7. The data pcints
are connected in the sequence in which the data was taken.
The erratic behavior of the data is attributed to a buildup
of ncncondensable gases during the four hour data run. A
pressure test immediately after the data run revealed a leak
at the 0-ring, sealing the drive shaft. This leak was not
present during the pressure test of the system prior to the
data run. Figure 4.7 clearly shows the degrading effect
that the buildup of non condensable gases has on heat
transfer rates in the heat pipe. The trend with time shews
that a greater and greater temperature difference between
the vapor and the cooling water is required to transfer the
same amount of heat. The condenser wall temperature
profiles for data points A, B, C and D are shown in Figure
4. 8.
Alsc shewn in Figure 4.7 are the average heat transfer
rates for the smooth condenser from this thesis and previous
work [Ref. 3] and [Ref. 4]. Considering only the first
seven data points in Figure 4.7 it appears that the axially
finned condenser has heat transfer rates 30-40 percent
greater than a smooth condenser of similar dimensions. It
is suspected that centrifugal acceleration rapidly removes
the condensate film from the sides of the fins and that the
condensate depth between the fins is never great enough to
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film will always be exposed to the vapor. This is in direct
contrast to the inner surface of the smooth condenser which
is always covered with a thicker layer of condensate. The
thin film en the fins will have a higher heat transfer
coefficient than the condensate layer that forms on the
inside of the smooth condenser.
The four condenser wall temperature profiles shown in
Figure 4.8 were selected to show how the buildup of noncon-
densable gases changes the temperature profile. The temper-
ature closest to the evaporator is the highest, just as in
the smooth condenser, and the same causes are suspected.
The data for curve B was taken about 3 hours after the data
for curve A. k sharp increase in the wall temperature near
the evaporatcr is very apparent. It appears that the region
of the heat pipe that is affected by noncondensable gases
extends all the way to the evaporator since there is no
flatness in any of the temperature profiles. The data for
curve D was taken about 90 minutes after the data for curve
C. The temperature profile for D is higher than C even
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7. CONCLUSIONS AND RECOMMENDATIONS
A. CONCLDSIONS
The following conclusions have been made based on the
experimental results obtained:
1. The use of straight axial fins in the condenser
improves the heat transfer rate by 30-40 percent when
compared to a smooth condenser of the same dimensions.
2. The smallest vacuum leak significantly reduces the
heat transfer rate in a rotating heat pipe.
3. Total mixing does not occur in the drain collecting
box. This is evident from the fluctuations observed in the
cooling water outlet temperatures at all power settings.
4. The single thermocouples in the cooling water flow
path do not provide an adequate sampling of the ceding
water.
B. RECOMMENDATIONS
The following recommendations are made to improve the
operational reliability of the rotating heat pipe system and
the repeatability of results:
1. Replace the 0.12 mm diametar thermocouple wire with
0.25U mm diameter (30 gauge) wire. This will reduce the
breakage of the wires during assembly, calibration and
operation
.
2. Replace the EIA 2 5 pin connectors with four Jones
strip terminal beards with type-E terminal lugs. Design and
build a new bracket to hold the terminal boards to the drive
shaft. This arrangement will eliminate solder joints in the
thermocouple circuit and should allow for more flexibility
in the wiring during assembly.
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3. Redesign the drive shaft flange to eliminate one of
the O-ring joints. Figure 5.1 shows a possible design.
4. Design and tuild an all metal vacuum test system
that has cnly soldered and O-ring joints. This will ensure
that any leakage detected is in the heat pipe and not in the
vacuum test system.
5. Replace the single cooling water thermocouples with
five cr mere wired in parallel. Place the thermocouples to
monitor various positions in the cooling water flow path.
This should provide a good average temperature in the
cooling water flow and reduce the fluctuations in the
cooling water temperatures.
The following possible areas for future research should
be considered:
1. Test the same condenser geometries used in this
thesis again as well as additionall helical fin condensers.
This will provide correlation with previous work and new
data that should point towards an optimum condenser
2. Design and tuild a segmented cooling water system
such as shewn in Figure 5.2. Two condenser wall thermocou-
ples should be located in each segment. A separate heat
balance can be perfcrmed on the cooling water in each
segment. The cooling water flow rate to each segment can be
controlled and this can be used to control the condenser
wall temperature distribution.
3. Design a new rotating heat pipe system to include
the following:
a. Segmented cooling system
b. An induction heating system to eliminate the
electric heater, brushes and collector rings
c. Relocate the bearings so that frictional heat is
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d. Separate the evaporator and condenser with an
adiabatic section made from a low thermal conduc-
tivity material such as plexiglass. This section




UNCERTAINTY ANALYSIS AND SAMPLE CALCULATIONS
The uncertainty analysis of the experimental heat
transfer rates was done by the method of Kline and
McClintock [Bef. 7].
The following variables are the subject of the uncertainty
analysis in this thesis:
Q = the heat transfer rate from the condensing vapor, watts
Qt = the total heat transfer rate to the cooling water when
electrical power is supplied to the evaporator, watts
Qf = the frictional heat rate generated in the system when
no electrical power is supplied to the evaporator,
watts
Cp = the specific heat of water, kj/kg-C
m = the mass flow rate of the cooling water, kg/sec
Tci = the cooling water inlet temperature, degree C
Tco = the cooling water outlet tempera-cure, degree C
AT = the cooling water temperature difference (Tco-Tci) when
electrical power is supplied to the evaporator
ATf = the cooling water temperature difference (Tco-Tci)
when no electrical power is supplied to the evaporaror






Q = Qt - Qf
The uncertainties of the variables are designated: Wg, Wqt,
Wqf, Wcp, Wm, Wti, Wto, Wt and Wtf respectively. The







[[Wtoj2 + (Wtij 2~] 1





Wcp \2 + / Ht \2 V2
Wqf\ =
..Qf
•) wt ' (^ \2
+ / Htf \ 2
Tf /
1/2
1/2Hq = r/wqt) 2 + [Wqf]2
The following sample calculations are for the smooth
condenser operating at 700 RPM. Data is shown, with its
uncertainties, for zero power operation and operation with

































Wtf = +/- 0. 07 degrees Celsius
The uncertainty for the power operation ^T is





Wt = +/- 0.7 degress Celsius
The frictional heat transfer rate, Qf, and its uncertainty are
Qf = (0.2183) (4182) (17.20-17.03)
Qf = 155. 198 watts
Wqf = 155. 198 0.005 \ 2 + 1 \2 0. 07\2
,0.2183i 4 182 ,0. 17
Wqf = 155.198 fo.1753 1/2
1/2
Wqf = /- 64.65 watts
The total h€at transfer rate, Qt f and its uncertainty are
Qt = (0.2183) (4182) (19.70-17.03)
Ct = 2437. 525 watts
t = 2437.525 r/ 0.005 \2 / 1_\2 ^0.7
'
\0. 2183/ \4182/ \ 2 . 67,
Wqt = 2437.525 |~0.0005 + 0.000001 +0.0 02 ll 1
Wqt = 2437.525 [0.095]





The heat transfer rate from the vapor, Q, and its uncer-
tainty are:
Q = 2437 - 155




2 ~| 1Wq = /2
Wq = /- 239.7 watts











In order to produce meaningful experimental results, the
measurement of physical quantities used in the analysis must
be as accurate as possible. The instruments used to measure
the parameters in the cooling water energy balance were
individualy calibrated.
A. RG10METEB CALIBRATION
The rotometer was calibrated for volume flow rate in
cubic meters per second by the following procedure. The
cooling water flow was directed into a tank placed en a
scale. The temperature of the cooling water was measured
and the density of the water determined from subccoled
liquid tables. The flow rate was adjusted to the desired
rotometer reading and the time required to add 20 lbm tc the
tank was measured. Dividing the mass by the recorded time
gave the mass flew rate. The mass flow rate was converted
to volume flow rate ty dividing by the density. A plct of
volume flew rate vs. rotometer reading was made and a linear
calibration curve derived by using a least squares fit of
the data. The equations for volume flow rate as a function
of rotometer reading and water density as a function of
temperature were incorporated into the data aquisition and
analysis program. The overall accuracy of the cooling water





All thermocouples were calibrated by immersing them into
a Rcsemcnt model 91 3A Calibration Bath and using a mercury
in glass thermometer (accuracy +/-.028 degree C) as a stan-
dard.
1. Cooling water thermocouples (Tco &Tci)
The bath temperature was vairied up and down in 10
degree increments frcm 8 to 60 degree C. At each data
point, the actual temperatures measured by the thermometer
and the temperature measured by the data aquisition system
were recorded and the difference between them computed. A
plot of temperature difference vs. the data aguisition
system^ measured temperature was made and a linear calibra-
tion curve derived for each thermocouple by a least squares
fit of the data. The calibration aquations for Tco and Tci
were incorporated into the data aquisition and analysis
program. The accuracy of the calibration equations is +/-
0.05 degree C.
2. Ccndenser wall thermocouples
An attempt was made to calibrate the condenser wall and
the vapor space thermocouples by immersing the assembled
condensers into the calibration bath. Unfortunately there
was not enough wire on the thermocouples to allow the 25 pin
connectors to be located anywhere but directly over the
bath. As the bath temperature was raised above 50 degree C,
vapor escaping from the bath condensed on the connector
causing erratic readings. Therefore, the condenser wall
thermocouples were used only to provide qualitative informa-
tion and could not be used for analytic calculations. The
use of the Jones strip terminals rather than the 25 pin
connectors will allow the terminal junctions to be placed
well away from the vapor escaping from the bath and accurate
calibrticn of the condenser wall and vapor space thermocou-
ples will be possible in future work.
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3. Vapor space thermocouples (Ts)
Fcr the reasons stated, above the vapor space thermocou-
ples could not be be calibrated. It was possible to check
the accuracy of the vapor space thermocouples at 15 and 100
degree C. The thermocouple temperatures were found to agree
with the tath temperature within /- 0.5 degrees C. This
accuracy was deemed sufficient for use in the graphical plot
of heat transfer rate (Q) vs. thermal driving potsntial(Ts-
Tci) . In future work, where heat transfer coefficients are
to computed, an accurate calibration of the vapor space




DATA AQUISITION AND ANALYSIS PROGRAM

















17. 1313542773 18.3761371673 1 .24478283002
Ts Tuall Ts-Tci
82. 4852831673 27.6031735243 65.35333433
HEAT TRANSFER rate = 336.124382067 Watti
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